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1.0 INTRODUCTION 

This report describes the results of a 10 month program sponsored by the 
National Aeronautics and Space Administration (NASA) under contract number 
NAS3-25345. The objective of this contract was to evaluate various optical sensor 
modulation technologies and to design an optimal Electro-Optic Architecture (EOA) for 
servicing remote clusters of sensors and actuators in advanced aircraft flight control 
systems. The EOAs supply optical power to remote sensors and actuators, process 
the modulated optical signals returned from the sensors, and produce conditioned 
electrical signals acceptable for use by a digital flight control computer or Vehicle 
Management System (VMS) computer. This study was part of a multi-year initiate 
under the Fiber Optic Control System Integration (FOCSI) program to design, develop, 
and test a totally integrated fiber optic flight/propulsion control system for application to 
advanced aircraft. Unlike earlier FOCSI studies, this program concentrated on the 
design of the EOA interface rather than the optical transducer technology itself. 

This program consisted of two primary tasks: 

Task 1 - EVALUATION OF SYSTEMS 

Task 2 - DETAILED DESIGN 

Task 1 involved the definition of airframe optical sensor requirements, the 
design of candidate multiplexed EOAs, the establishment of architecture evaluation 
criteria and relative weighting factors, and the evaluation of candidate EOAs leading to 
the identification and selection of the optimal EOA designs for advanced aircraft. The 
results of Task 1 evaluation efforts indicate two points: (1) no singular optical sensor 
technology can be optimized for all aircraft sensor applications, and (2) due to the 
relatively immature state of optical sensor technology, no strong discriminator currently 
exists upon which to base the selection of an "optimal" EOA technology for any given 
sensor application. However, the results of Task 1 can be used to identify four 
"preferred” EOA technologies. These preferred technologies are: 

* Time Division Multiplexed Digital 

* Time Division Multiplexed Analog 

* Wave Division Multiplexed Optical Spectrum Analyzer 

* Power-By-Light (PBL) Remote Electrical. 

Task 2 involved the conceptual design of the four candidate EOAs, layout of 
the sensors and EOAs to the flight controller interface, and identification of critical 
component technologies required to construct an all optical aircraft flight control 
system. The results of Task 2 design efforts indicate that it is possible to develop a set 
of four common EOA modules that are compatible with a wide range of promising 
optical sensor technologies. 
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2.0 BACKGROUND 


Over the last 20 years, flight control technology has evolved from the original 
concept of mechanical control linkages with autopilot aiding to that of multi-disciplinary 
control integration technology. Control integration technology now encompasses 
several functional elements including flight control, propulsion control, weapons 
delivery, and displays. The concept of integrated control is to automate the 
coordination of these functional control elements to allow optimal coupling of the 
subsystems thereby reducing pilot workload, increasing aircraft performance, and 
enhancing overall mission effectiveness. Recent PAVE PILLAR advanced avionic 
architecture studies defined the fundamental concept of a Vehicle Management 
System (VMS) architecture as a means of achieving the required level of control 
integration for advanced aircraft. 

Integration of interrelated functions such as flight and propulsion control would 
unlock significant performance, reliability, maintainability, and supportability benefits 
for emerging digitally controlled systems. Digital fly-by-wire technology combines 
sensors, effectors, and communications to provide a level of integration and 
performance not possible with mechanical flight control systems. Advanced digital fly- 
by-wire flight control systems can dramatically increase the operational flight envelope 
through faster control system response and increased number of active control 
surfaces. This increase in active control surfaces brings about a corresponding 
increase in sensor resources and the need for innovative management of these 
resources. Reliability of these systems becomes increasingly important as mechanical 
linkages are removed and buses, networks, and protocols are relied upon to provide 
the linkage for the physical integration of functional elements. 

Requirements for increased levels of control integration coupled with the 
increased use of composite materials in advanced airframes will impose stringent 
electromagnetic susceptibility requirements that may mandate the use of fly-by-light 
avionic systems. Fiber optic technology offers numerous well known benefits 
including: high bandwidth, low weight, and immunity to man made threats such as 
Electromagnetic Interference (EMI), and Electromagnetic Pulse (EMP) generated by 
nuclear blasts. Commercial fiber optic research activities have led to the development 
of flight qualified fiber optic data networks but have not yet produced optical sensors 
acceptable for advanced aircraft. 

DOD and NASA have recently sponsored several programs to promote 
research and development in the area of aircraft optical sensor technologies. Among 
these are the Advanced Digital/Optical Control System (ADOCS) program, Future 
Advanced Control Technology Study (FACTS 2000), and the Fiber Optic Control 
System Integration (FOCSI) program. FOSCI is a multi-year initiative to design, 
develop, and teat a totally integrated fiber optic flight/propulsion control system for 
application to advanced aircraft. This EOA program marks the start of FOCSI Phase II 
and will provide the foundation for future activities in the areas of advanced 
component development and test. 
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3.0 TECHNICAL APPROACH 

The objective of this contract was to evaluate various optical sensor modulation 
technologies and to identify the optimal EOA configuration for servicing remote 
multiplexed sensors in advanced aircraft flight control systems. Unlike earlier FOCSI 
studies, this program concentrated on the design of the multiplexed EOA interface 
rather than the optical transducer technology itself. 

This program was composed of two primary tasks: 1) Evaluation of Systems, 
and 2) Detailed Design as described in the following paragraphs. 

In order to conduct a comprehensive evaluation of the candidate EOA systems, 
it was necessary to first define the operational and environmental requirements for a 
representative set of airframe optical sensors. Next an industry survey was conducted 
to establish a data base on currently available optical sensor technologies which 
served as the basis for the development of the candidate EOA designs. Architecture 
evaluation criteria and relative weighting factors were then established in order to 
compare the candidate EOA designs and identify the optimal EOA design 
configurations for advanced aircraft. Task 1 was composed of eight subtasks as 
outlined in the roadmap of Figure 3-1 : 
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Figure 3-1. Task 1 Roadmap 
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3.1.1 Tasfk i.i - Es tablish ComDrehensivfl Optical Sensor Data Bass 

Pssstfous efforts under the FOCSI Phase I and FACTS 2000 programs helped to 
establish a data base on optical transducer technologies primarily limited to aircraft 
propulstar applications. In a effort to establish a more comprehensive data base 
encon^asroing airframe as well as propulsion sensors, it was necessary to replicate 
many of fee early FOCSI Phase I efforts. 

Mens than 100 sensor manufacturers were contacted to solicit vendor inputs for 
the optical sensor data base. Based on product availability and related experience 
with fiber (optics, 40 of these companies were subsequently issued a formal Request 
For tnfawmation (RFI) through the MCAIR contracts department. Manufacturers 
participating in the optical sensor data base are listed in Appendix A. Responses to 
the RFI arcid subsequent telephone surveys were compiled into a fiber optic sensor 
availabity -matrix similar to that developed under FOCSI Phase I. As shown in figure 
3-2, the&ata base now encompasses over 100 optical sensors currently available 
from 40 (manufacturers for all modulation techniques (intensity, phase, wavelength, 
polarizrfom) and ail anticipated flight and propulsion control applications. 
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Figure 3-2 Optical Sensor Data Base 


4 



3.1.2 Task 1 2 - Define Flight Contr ol and Air Data Sensor. Requirements 

This task defined the operational and environmental requirements for optical 
sensors installed in an advanced fighter aircraft. The operational requirements 
included sensor range, accuracy, resolution, and update rate. Environmental 
requirements included temperature, altitude, and vibration. The F-15 STOL and 
Maneuvering Technology Demonstrator (F15/SMTD) aircraft was selected as the point 
design for establishing the flight control and air data sensor requirements. This aircraft 
was selected because it is representative of the dass of high performance fig 'ter 
aircraft which are expected to benefit from the use of fiber optic sensor technology. The 
F-15/SMTD aircraft is a totally fly-by-wire aircraft which incorporates variable canards, 
2-D thrust vectoring nozzles, thrust reversing vanes, and di.ect drive electrical force 
motor actuators to achieve a high degree of maneuverability. The F-15/SMTD 
architecture, shown in Figure 3-3, represents a first generation approach to an 
integrated control system. A quad redundant digital flight controller with continuous 
cross channel data monitoring provides a high degree of fault tolerance to ensure 
system integrity. Integration of the flight and propulsion control subsystems is 
accomplished through a MIL-STD-1553B compatible multiplex data bus. 
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A total of 126 flight control and air data sensors were identified as candidates 
for replacement with electro-optic sensors. As shown in Figure 3-4, these sensors can 
be grouped into the following 7 sensor functional types: 

1) Linear Accelerometers 

2) Rate Gyroscopes 

3) Linear Position Sensors 

4) Rotary Position Sensors 

5) Air Data Pressure Sensors * 

6) Rotary Wheel Speed Sensor 

7) Air Data Temperature Sensors 


| SENSOR FUNCTION 

SENSOR REDUNDANCY 


TYPE 

NAME 




RIGHT 

TOTAL 

■Ecszm 

Lataral Acealaratlon 

NY 

2 


2 

9 

Normal Acealaratlon 

NZ 

2 


2 

Rat* 

Gyroacopa 

hf.i fTTin IV j i n 


2 


2 

a 

Aircraft Roll Rat* 

ROLL 

2 


2 

Aircraft Yaw Rat* 

YAW 

2 


2 

Llnaar 

Poaltlon 

Roll Stick Position 

RSP 


4 ... 


7 4 

Pitch Stick Position 

PSP 


4 


Yaw Padal Position 

YPP 


4 


Throttle Lavar Anal* 

TLA 

4 .. 


4 

Aileron 

AIL 

2 


2 

Flaporon 

FLAP 

2 


2 

Canard 

CNRD 

4 


4 

■ 11 1 III II II— 

Sil.lS 

4 


4 

Nose Wheel Steering 

NWS 


2 


Air Inlet Controller 

AIC 

2 


2 

Nozzle Controller 

NC 

s 


9 

Thrust Ravarsar Vane 

TRV 

4 


4 

Rotary 

Poaltlon 

Anglo Of Attack 

ADA 

4 


4 

a 

Rotarv Rudder 

mwm 

2 


2 

Power Lavar Angle 

PLA 

4 


4 

Praaaura 

Pitot Praaaura 

PT 

2 


2 

9 

Static Pressure 

PS 

2 


2 

Spaad 

m T n it® 1 1,7. i rrwrTTY^m 


■Hi 

■ 

■■■■ 

2 


i Air Data Tamparatura 

1 ADT 



1 

2 


TOTAL SENSORS FOR FULL REDUNDANCY - 12t 


Figure 3-4. Aircraft Sensor Functional Groupings 

The most common type of aircraft sensor is the linear position sensor. This 
sensor in electrical form is referred to as a Unear Variable Differential Transducer 
(LVDT). The next most common sensor is the Rotary Variable Differential Transducer. 
(RVDT). LVDTs are generally less complicated to manufacture and have proven to be 
more reliable than RVDTs, and as a result are generally used for position sensing 
whenever possible throughout the aircraft. 
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Sensor Operational Requirements for each of the optical sensors 
identified in Figure 3-4 were obtained from procurement specifications for the 
equivalent analog electrical sensors in the F-15/SMTD aircraft. These operational 
requirements are detailed in Figure 3-5. By dividing the total sensor range parameter 
by the lowest resolution detectable for each .analog sensor, it is possible to determine 
the equivalent resolution requirements for a digital sensor system. The linear and 
rotary position sensors were all found to have an equivalent digital resolution of 12 
bits. The linear accelerometer, rate gyroscope, pressure, temperature, and wheel 
speed sensors all have an equivalent digital resolution of 16 bits. This difference can 
largely be attributed to the individual resolution of the Analog-to-Digital converters 
used to digitize the incoming analog signals. As indicated by the sensor accuracy 
requirements outlined in Figure 3-5, the extreme accuracy (< 1%) normally associated 
with a digital sensor system is not generally required for flight control applications. 
Since the aircraft employs a closed loop feedback control system, minor sensor 
inaccuracies tend to be factored out and do not affect the overall handling qualities. 
The fact that the pilot himself is an integral part of the flight control feedback loop, will 
also tend to minimize the need for digital sensor accuracy. The sensor update rates 
listed in the table reflects the rate that sensor information is currently supplied to the 
flight controller for use in flight control law execution. The sensor update rate may be 
as high as 1 KHz at the actuator servo interface in order to maintain stable control. 


1 SENSOR i 

SIGNAL 


TYPE 

SYMBOL 

NUM 

RANGE 

RESOLUTION 

ACCURACY 

RATE 

Linear 

NY 

4 

♦/- 2 G'e 

0.0002 G'e 


40 HZ 

Acc«ltrom«Ur 

NZ 

4 

W-10 G's 1 

0.0020 G's 

*/-2.5% 
-15^2 TO *3<^C 

80 Hz 

Rate 

ptch 

4 

+/-60 deo/eeeond 

0.005 dea/s 

60 Hz 

ROU_ 

4 

■*7-300 deg/ second 

0.010 deg/s 

(see Note 1) 

80 Hz 

Qyrotcopt 

YAW 

4 

*7-60 deg/second 

0*005 d#o/s 


40 Hz 


RSP 

4 

♦/-1. 15 Inch 

0-00562 In 

*/-3% of 
Reeding® 6(fF 

80 Hz 


PSP 

4 

-.82 to +1.54 Inch 

0.000576 In 

80 Hz 


YPP 

4 

*7-1.75 Inch 

0.000854 In 

(see Note 21 

40 HZ 


TLA 

8 

0-to 56 dearees 

0.01367 dea 

±L 1% FS 

49 Hi,, 

Linur 

AIL/FLAP 

4/4 

*7-0.685 inch 

0.000335 in 

♦/- 1% FS 

at 68* 

20 Hz 

Position 

CNRD/STAB 1 a/ a 1 */-3.889 Inch 1 0.001 890. Jn 1 

20 Hz 


NWS 

2 

♦/-1. 667 Inch 

0.000814 In 

(see Note 3) 

20 HZ 


AC 

4 

*7-4.425 Inch 

0.002161 In 

50 Hz 


NC 

1A 

♦/-7.5 inch 

0.003662 In 

*/-0.33% 
-40*F tO *275* 

SO Hz 


■mv 

8 

♦/-2.00 Inch 

0.000977 In 

50 Hz 

Rotary 

ACA 

8 

•19 to *56 degrees 

0.02600 deg 

0.15% FS 

40 Hz 

RUD 

4. . 

*/-30.5 dearees 


*M.5% FS 

20 Hz 

Position 

Pt A 

ft 

*/-68 decrees 1 


(see Note 3) 

22 Hi. 

ee _ _ . __ 

PT 

4 

0 to 55 Inches Ha 

0.0010 In Ha 

0.07 ♦/- 0.2% 

40 Hz 


PS 

4 

0 to 38 inches Ha 

0.0005 InJta 

0.06 */-0.2% 

40 Hz 

Speed 

MLG 

2 

0 to 655 ft/second . . 

0.02 ft/set 



Tsmpsrsturs 

ACT 

2 

-65*F to *44<PF 


*7- 3 Degrees 

| 8 3Hz| 


NOTES: 1) Linearity * 1% FS. (Add +/• 0.4% perFC for Operation Between -64 *C and +71 C) 

2) linearity * 1.23%. (Add 1.5% FS for Operation Between -65 # F and *203F) 

3) Accuracy > ♦/• 1.5% par 100* for Operation Between -40* and .*.275 # F 


Figure 3-5. Aircraft Fiber Optic Sensor Requirements 
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Sensor Environmental Raqulromants for all locations on the F-15/SMTD 
aircraft were obtained from a report entitled "F-15 Vibration, Shock, and Acoustic 
Design Requirements and Test Procedures for Aircraft Equipment, Update Based on 
Ground and Flight Test Measurements" (report number MDC A4246). This report 
outlined environmental conditions for all regions of the aircraft. Environmental data js 
based upon MIL-STD-810 aircraft environments with modifications based upon actual 
F-15 ground and flight test data. Environmental requirements for each the seven 
functional sensor groupings were Identified as indicated in Figure 3-6. As expected, 
the engine bay provides the harshest operating environment for sensors. 
Temperature within the engine bay on the F-15/SMTD aircraft may reach +475 
degrees Fahrenheit Flight control actuation sensors, on the other hand, are generally 
rated at +275 degrees Fahrenheit due to a thermal heating effect caused by the 
recirculating hydraulic fluid used to drive the actuators. These temperatures reflect 
operation of the F-1 5/SMTD aircraft during supersonic dash operation. Advanced 
aircraft with sustained supersonic cruise capability may experience even greater 
temperature extremes. 


SENSG 

IR 

ENVIRONMENT 1 

TYPE 

SYMBOL 

TEMPERATURE 

PRESSURE 

Linear 

Accelerometer 


-65 ®F to +160 # F 

Pressurized 

NZ 1 

Rate 

Gyroscope 


-65 ®F to +160°F 

Pressurized 

ROLL 

YAW 

Linear 

Position 

wxmsm 

-65 °F to +203°F 

Pressurized 

mutHM 

AIL 

-40®F to +275°F 

Unpressurized 
Sea Level to 50K ft 

FLAP 

CM® 

STAB 


AJC 

-40°F to +275°F 
-40 *F to +475*F 
-40®F to +475*F 

Unpressurized 
Sea Level to 50K ft 

fcC 


Rotary 

Position 

PCA 


Sea Level to 50K ft 

RUD 

-40 *F to +275°F 


PLA _ 

Pressure 

PT __ 

-65*F to +160*F 


PS __ 

Speed 

MLG _ 

-651F to +160*F 1 


Temperature 

ADT 


wmrmrrmm 


(1) Numbers In Parentheeis Represent Gunfire Vibration Levels 
(Refer to Report MDC A4246 for Vibration Test Data) 

Figure 3^6. Aircraft Fiber Optic Sensor Environments 
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Sensor Vibration Requirements will vary depending on the exact location 
of the sensor within the airframe. Figure 3-7 indicates the vibration levels that might be 
encountered for specific locations on the aircraft. These levels indicate the worst case 
vibration levels for continuous operation of the sensors. The sensors should be 
capable of surviving when exposed to higher vibration levels, but are only required to 
to meet operation performance requirements during the vibration levels below. 


Rudder 
Avionics Bay 


SMUSOUML VBAATION RANDOM VBRATJON 



Figure 3-7 


Fiber Optic Sensor Vibration Levels 
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BOA Environmental Requirements - In addition to defining the sensor 
operatioMfa^d environmental requirements, it was also necessary to define these 
requireraert&fifor the EOAs. Although sensors may be located anywhere throughout 
the aircn&L production EOA systems would typically be confined to one of three 
locations vdNM* the aircraft; the avionics bay, the ammunitions bay, or the engine bay. 
Environawiiii requirements for each of these areas are outlined in Figure 3-8. 


Aa f%»its a Bay 
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(Unconditioned) 


Engine Bay 
(Unconditioned) 
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m-y DESCRIPTION 

ENVIRONMENT i 

TEMPERATURE 

PRESSURE 

^Avionics Bay 

-65 °F to +160®F 

Pressurized 

• Ammo Bay 

-65®F to +160°F 

Sea Level to 50K ft 

1 Engine Bay 

- F to +47^F 

Sea Level to 50K ft 


ft® Members in Parentheele Represent Gunfire Vibration Levels 
f&t>Ver to Report MDC A4246 for Vibration Teat Data) 

Wggure 3-8 Sensor Electronics Bay Area Environment 
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f EOA Vibration Raquiramants will vary depending on the exact location of 

the EOA within the airframe. Figure 3-9 indicates the vibration levels that might be 
f encountered for specific locations on the aircraft. These levels indicate the worst case 

J vibration levels for continuous operation of the EOAs. The EOAs must be capable of 

surviving when exposed to higher vibration levels, but are only required to to meet 
| operation performance requirements during the vibration levels below. 

I 
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< Figure 3-9 Sensor Electronics Bay Area Vibration Levels 
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3.1.3 Task 1.3 - Review Available Optical Sensors and ADDlicabilitv tQ Requirements 

The original intent of this task was to interrogate the optical sensor data base 
established under Task 1.1 to determine the current availability of optical sensors 
which meet the flight control and air data sensor requirements identified under Task 
1.2. Although numerous sensors in the data base were capable of meeting the 
operational requirements, none have been tested at the environmental extremes 
required for fighter aircraft. This is due to the relative immaturity of optical sensor 
technology and the fact that extensive environmental testing has not yet been 
conducted on the limited number of prototype optical sensors currently available. The 
scope of this task was subsequently changed to incorporate data from the FACTS 
2000 fiber optic sensor study in an effort to ensure that all possible sensor modulation 
technologies which hold promise for advanced aircraft would be evaluated. The 
optical sensor data base was then interrogated to determine which of the available 
sensor technologies could meet the operational performance requirements. The 
optical sensor data base was then re-organized according to sensor modulation 
technology and associated sensor function. In instances where more than one 
modulation scheme is feasible, multiple candidate sensors were selected. The 
resulting list of candidate sensors is presented in Figure 3-10. 
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Figure 3-10 Fiber Optic Sensor Technology Availability 
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3.1.4 Task 1,4 - Categorize Optical Sense rs^A 
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This task categorized the available optical sensors identified under Task 1 .3 
according to modulation technique and sensor functional type in order to determine 
which modulation techniques are best suited for each sensor application. This was 
accomplished by comparing the aircraft sensor functional groupings (Figure 3-4) 
against the currently available optical sensor modulation technologies (Figure 3-10) to 
identify the candidate optical sensor technologies for aircraft flight control applications. 
These candidate fiber optic sensor technologies are shown in Figure 3-1 1 . 
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Figure 3-11 Candidate Fiber Optic Sensor Technologies 
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Without specific consideration to sensor operating environment, it is difficult to 
defina a valid discriminator with which to select an "optimal" sensor technology for any 
given application. However, the sensor operational requirements outlined in Task 1.2. 
can ibe used to identify these sensor technologies which are unacceptable for flight 
control applications. One unacceptable technology is that used in the beam 
intenrupt/pulse count type position sensor. These type of sensors are generally 
referred to as "incremental" position sensors because they require knowledge of the 
in£al sensor position and then count the returned pulses from the sensor to determine 
final position relative to the known starting point. The initial sensor position or "null” 
must: be set upon power-up by driving the sensor through its entire sensing range to 
establish endpoints. Incremental position sensing requires continuous monitoring of 
tie returned signals to maintain position knowledge and is therefore not acceptable for 
a multiplexed flight control system. Incremental sensors are widely used for 
coffifinuous position sensing in industrial process controllers. Although the beam 
intenrupt/pulse count sensor is not acceptable for absolute position sensing, it can be 
•fledtively used as a tachometer to detect rotary wheel speed. The tachometer can be 
eftedtively multiplexed since it needs only to sample the returned signal for a short 
period of time to determine speed. 

The self-luminous sensor is also unacceptable for flight control applications. 
Two [types of self-luminous temperature sensors were evaluated: a passive Infra Red 
(tfl) analysis type sensor, and a blackbody radiator. Both of these temperature 
sensors operate on the principle of radiated spectral emission as described by the 
Pfeaodk equation. Self-luminous sensors are typically uncomplicated but can provide 
extremely accurate temperature measurements. According to Figure 3-5, the air data 
temperature sensor currently operates in the range of -65 to +440 degrees Fahrenheit. 
Duo ito the difficulty in detecting spectral energy at extremely low temperatures, 
currently available self-luminous sensors are constrained to a minimum operating 
temperature of approximately +900 degrees Fahrenheit. 
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3.1.5 Task 1.5 - Des ign EOA for Each Sensor Group 

This task developed multiplexed EOA suitable for each of the candidate sensor 
types Identified under Task 1 .4. The principle consideration in the design of an EOA is 
the selection of an optical multiplexing technique which accommodates the largest 
number of sensors while maintaining an adequate optical power margin. The key 
elements that determine overall optical power budget are: source power level, network 
losses, receiver sensitivity, and the signal to noise ratio required to achieve the 
desired level of sensor performance. A representative power budget analysis for a 
typical passive optical sensor installed in an aircraft is shown In Figure 3-12. 



LOSS BUDGET ANALYSIS: 
MINIMUM INTERCONNECT LOSSES: 


Gormockxs: 8 Connectors 


» 2-0 dB/Connector 
16.0 dB 

1 Minimum Interconnect Lots: 16.0 dB 


ADDITIONAL LOSSES: 

Manufacturing Splica: 
Rapair Spiica: 

Additional Bukeads: 
Connector Contamination: 
Temperature Effects: 
Vibration Effects: 
Connector/Ffeer Ageing: 
Total Additional Losses: 

1.0 dB 

4.0 dB <2 x 2.0 dB) 

6.0 dB (3 x 2.0 dB) 
0-8 dB 

2.0 dB 
0-3 dB 

-2.fi dB 

15.0 - 26.0 dB 

I Minimum Safety Margin: 

15.0 dB 



Minimum loss Budget: 31.0 dB (16.0 + 15.0) 


(1) interconnect Loss Analysis Does Not Include Sensor Insertion Loss or Intercomea Cable Losses 

(2) Minimum Optical Safety Margin to Cover Additional Losses • 15.0 dB (Navy A- 12 Requirement) 

Figure 3-12 Passive Optical Sensor Power Budget Analysis 


A minimum interconnect loss budget of 16 db is required to overcome the fixed 
optical losses associated with the manufacture of a connectorized passive optical 
sensor system. An additional minimum safety margin of 15 dB is required to 
accommodate the various optical losses expected to occur over the anticipated 20 
year service life of the aircraft. This power budget analysis is based upon actual field 
experience with fiber optics installed in AV-8B production aircraft, and represents the 
minimum loss configuration for a non-multiplexed passive optical sensor system, 
insertion of any multiplexing device (optical switch, optical coupler, etc.) into the optical 
path will increase overall system loss by an amount equal to the insertion loss of the 
device installed plus losses associated with the optical connectors on the device itself. 
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Several optical multiplexing techniques were considered in the design of each 
EOA. These techniques include: 

SSSD - Single Source/Single Detector approach 
SSMD - Single Source/Multiple Detector approach 
MSSD - Multiple Source/Single Detector approach 
MSMD - Multiple Source/Multiple Detector approach 

Each of these multiplexing techniques were evaluated to determine applicability 
to a multiplexed aircraft flight control system. Evaluation criteria included optical 
power budget, EOA complexity, and requirements for specialized components. The 
result of these analyses are described briefly in the following paragraphs. 

SSSD Multiplexing Approach - This approach appears to be the most attractive 
from the standpoint of reduced component count within the EOA. However, this 
reduced component count is usually offset by a corresponding increase in EOA 
complexity. Many of the SSSD approaches require specialized components which 
make these devices difficult to implement. Three types of SSSD multiplexing 
approaches were evaluated: optical switch, passive splitter, and linear tapped bus. 

An example of an optical switch based approach is shown if Figure 3-13. 



wzwa 


TIC SWITCH: 

• Low Speed/Low Power Optical Source 

• Requires Single Mode Fiber Optics 

e Optical Switching Speed « 1 Nanosecond 

• Supports Greatest Number of Sensors (N) 


MECHANICAL SWITCH: 

• Low Speed/Low Power Optical Source 

# Compatible with Multimode Fiber Optics 

* Mechanical Switching Speed > 5 Milliseconds 

• Supports 5 Sensors Max at 40 Hz Update 


MULTIPLEXING LOSSES (N - 10): 

Connectors: 4 Connectors 

x 2-0 dB/Connector 
8.0 dB 

Optic Switch: 2.0 dB Insertion loss 

10 : 1 Coupler 3.0 dB Insertion loss 

i Multiplexing Losses: 13.0 dB~l 


1 




LOSS. BUDGET ANALYSIS: 

• luSnimum Interconnect Loss: 16.0 dB 

• Minimum Safety Margin: 15.0 dB 

• Multiplexing Lo ss e s : 13.0 dB 

I Minimum Loss Budget 44.0 & 


Figure 3-13 Optical Switch Multiplexing Approach 
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The two types of optical switches that were evaluated for this approach were 
found to be unacceptable for aircraft multiplexed flight control applications. 

Electro-Optic Switch - This switch operates on the principle of a 
voltage induced refractive index change to switch the optical path. Since 
switching speed is only limited by the capacitance of the switching 
electrode, these devices can be switched extremely fast (< Ins) and are 
thus useful for multiplexing a large number of sensors. The major 
drawback of these devices is that they are currently only compatible with 
single mode optical sources and are not yet widely available. 

Opto-Mechanical Switch - This switch operates on the principle of 
electro-mechanical movement of a precisely aligned fiber array (moving 
fiber type) or an optical prism (beam deflection type). Both of these 
devices are compatible with multimode fiber optic sensors. These 
devices typically have very slow switching speeds (> 5ms) and are 
therefore not desirable for multiplexed applications. Another drawback of 
these devices is that they are unreliable as compared to equivalent solid 
state devices, and they are usually sensitive to vibration. 

An example of an passive splitter based approach is shown if Figure 3-14. 



TDM/PASSIVE OPTIC COUPLER: 

* Requires High Speed/High Power' Source 

* Compatible with Multimode Fiber Optics 

* Supports Limited Number of Sensors 
(Determined by Optical Power Budget) 


MULTIPLEXING LOSSES (N - 10): 


Connectors; 

10x10 

Coupler: 


4 Connectors 
x 2-0 dB/Connector 
8.0 dB 


10.0 dB Splitting Loss 
+ 2.0 dB Excess Loss 

12.0 dB 


> 


10 : 1 Coupler: 3.0 dB Insertion Loss J 


| Multiplexing Losses: 23.0 dB per channel! 




LOSS BUDG ET ANALYSIS (pet channel): 
e Minimum interconnect Loss: 16.0 dB 

e Minimum Safety Margin: 15.0 dB 

e Multiplexing Losses: 23.0 dB 

[MinirTUKT^os^lxiget7^^^^54^®^ 


Figure 3-14 Passive Splitter Multiplexing Approach 
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The passive splitter approach to multiplexing appears to be quite attractive from 
the EOA standpoint. However, there are several drawbacks to this approach. First, the 
EOA must contain a very high power optical source to overcome the physical splitting 
loss (10 Log N) associated with the passive coupler. The limited optical power budget 
available will tend to limit the number of sensors that can be effectively multiplexed. 
Another drawback is that the EOA requires a very high speed (100 MHz) pulsed 
optical source to minimize the size of the fiber time delay coils required for each 
sensor. The location of these time delay coils within the aircraft also presents a 
formidable problem since each coil is unique. If these coils are located within the 
sensor itself, then the sensor becomes a unique element and aircraft spares are 
difficult to control effectively. Likewise, the coils cannot be l ocated within the fiber link 
connecting the sensor to the EOA due to cabling restrictions within the aircraft. The 
only acceptable location for these coils would be within the EOA itself. 

An example of a linear, tapped bus approach is shown in Figure 3-15. 



£>Ffear(MwCol 


TTHAXtNPAR TAPPED BUS: 

• Requires High Speed/High Power Source 

• Compatible with Multimode Fiber Optic* 

• Supports Limited Number of Sensors 
(Determined by Optical Power Budget) 


MULTIPLEXING LOSSES (N - 10): 

Comedos: 22 Connectors 

x 2-0 dB/Connector 
44.0 dB 

10:1 Coupler. 3.0 dB Insertion Loss 

| Multiplexing Losses: 47.0 dB | 

(1) Amur* 10 Taps, Each Wtth 2 Connector* in Signal Peti 
(Plus 2 Correctors far 10:1 Coupler) 


1 


J 


loss BUDGET ANALYSIS: 

• Minimum Interconnect Loss: 16.0 dB 

• Minimum Safety Margin: 15.0 dB 

£=£> • Multiplexing Losses: 47.0 dB 


Minimum Loss Budget: 


78.0 dB 


1 


Figure 3-15 Linear Tapped Bus Multiplexing Approach 

The linear tapped bus is a variation of the passive splitter approach with' the 
splitters distributed throughout the aircraft. On the surface, this approach appears to 
be the most attractive from the standpoint of reduced EOA component count and 
reduced fiber count. The linear tapped bus approach was the most popular 
multiplexing approach among the vendors surveyed tor the optical sensor data base. 
As can be seen in the loss budget of Figure 3-15, this approach is extremely difficult to 
implement in a production aircraft environment. To provide the required level of 
aircraft maintainability, the individual taps must be treated as line replaceable, unite 
and will therefore require individual fiber optic connectors. The optical power budget 
required to overcome the losses associated with this excessive number of connectors 
precludes consideration of the linear tapped bus for aircraft applications. This problem 
is intensified in those systems where the return fiber is also a tapped bus. 
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SSMD Multiplexing Approach - This multiplexing approach is similar to the SSSD 
passive splitter approach in that the power from a single optical source is divided 
equally among all of the sensors. However this approach relies on individual 
detectors dedicated to each sensor channel. Returned optical signals are time 
division multiplexed electronically at the receiver by addressing the appropriate 
detector channel. This configuration will generally have a higher sensitivity than the 
SSSD approach due to the reduced bandwidth requirements of the individual detector 
channels. A drawback to this approach is the requirement for a high power optical 
source to overcome the physical splitting loss associated with the passive coupler. 
The limited optical power budget available will tend to limit the number of sensors that 
can be effectively multiplexed. Another drawback is the requirement for a separate 
detector dedicated to each sensor. Since the EOA detector is typically much more 
complicated than the transmitter for most sensor applications, this technique will tend 
to increase the overall EOA complexity. An example of the SSMD multiplexing 
approach is shown in Figure 3-1 6. 



Source 



Q 






FEATURES 

• Requires High Power Optical Source 

• Compatible with Multimode Fiber Optics 

• Requires One Detector for Each Sensor 
(Not Desireable for APD Based Applications) 

6 Supports Limited Number of Sensors 
(Determined by Optical Power Budget) 


MULTIPLEXING LOSSES (N • 10): 

Connector s: 2 Connectors 

x 2.0 dB/Connector 

4.0 dB 

1 x 10 10.0 dB Splitting Loss 

Coupler: + 2.0 dB Excess Loss 

12.0 dB 

i Multiplexing Losses: 16.0 dB I 


loss BUDGET ANALYSIS: 

\ • Minimum Interconnect Loss: 16.0 dB 

| e Minimum Safety Margin: 15.0 dB 

> * Multiplexing Losses: 16.0 dB 


J 


Minimum Loss Budget: 47.0 dB 


Figure 3-16 SSMD Multiplexing Approach 
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MSSD (Multiplexing Approach - This multiplexing approach requires one optical 
souS dedicated toeach sensor channel. The EOA receiver can be time division 
muS^ed by merely addressing the appropriate sensor from the transmit side. 
Netmrk tosses are minimized since the full power of an individual optical source is 
avaiabfte to each sensor being multiplexed. Because of the low network losses 
LsStted wrth this configuration, it is possible to construct the EOAs fr om relatryely 
cjmote Bow speed/low power multimode optical components. Furthermore, it may be 
possito to further reduce the multiplexing tosses by eliminating the passive couptor 
on the iredeiver channel. If the number of multiplexed sensors is small, rt may be 
posses to construct a non-redprocal power combiner by combining all of f the sensor 
EceS* fibers into a single fiber bundle. This approach eliminates the physical 
srftfrg losses (10 tog N) and excess tosses associated with a fused b'comt^type 
reciprocal power combiner. Anticipated losses for this type of muhiplexing wiMdepe 
on Somber of receive fibers and the surface area of the receiver photodetector, but 
SriwneSlybe assumed to be less than 3 dB. Although this power combiner can be 
SUSSd to somewhat -specialized" component, It is fairly easily instructed. 
This asaproach is acceptable from a maintainability and integrated logistics support 
he combiner is confined to the EOA module itself. For thereasonsof 
si^Kfty, flexibility, and tow optical tosses, this multiplexing approach was determined 
to bemptimal for the greatest number of sensing applications a Pf , _'f r J her ®J 0 I® 
preferred multiplexing approach for EOAs. An example of the MSSD multiplexing 

approach is shown in Figure 3-17. 



ttULfflPLEXING LOSSES (N - 10): 

(Bomodois: 2 Connectors 

* 2-0 dB/Connector 

4.0 dB 

no : 1 Coupler 3.0 dB Insertion loss 

j Multiplexing Losses: To S3 J 



EEA TUBES 

• Low Speed/Low Power Optical Sources 

• Compatible with Multimode Fiber Optics 

• Requires One Source tor Each Sensor 

(Not Deslreable for Laser Based Applications) 

• Supports Large Number of Sensors 
(Limited by Multiplexing Electronics) 


V 


annOFT ANALYSIS: 

• Minimum Interconnect Loss: 16.0 dB 

• Minimum Safety Margin: 15.0 dB 

• Multiplexing Losses: 7.0 <ffi 

I Minimum Loes Budget: 38.0 <8 


Figure 3-17 MSSD Multiplexing Approach 
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MSMD Multiplexing Approach - This multiplexing approach requires one source 
and one detector dedicated to each sensor. Each of the sources continuously 
illuminate their respective sensor. The returned optical signals are time division 
multiplexed electronically at the EOA receiver. Since there are no optical multiplexing 
losses associated with this network approach, it can support a large number of optical 
sensors. Additionally, the EOA can be constructed out of relatively simple low 
speed/low power multimode optical components. The main drawback of this approach 
is the requirement for a separate detector dedicated to each sensor. Since the EOA 
detector is typically much more complicated than the transmitter for most sensor 
applications, this technique will tend to increase the overall EOA complexity. An 
example of the MSMD multiplexing approach is shown in Figure 3-18. 



FEATURES: 

e Low Speed/Low Power Optical Sources 

• Compatible with Multimode Ftoer Optics 

• Requires Source and Detector lor Each Sensor 
(Not Desireabta for Laser Based Applications) 

e Supports Large Number of Sensors 
(Limited by Mutipiexing Electronics) 


f OSS BUDQEL ANALYSIS: 
e Minimum Interconnect Loss: 16.0 dB 

• Minimum Safety Margin: 15.0 « 

• Multiplexing Losses: 0.0 dB 

I Minimum Loss Budget: 31.0 dB 


Figure 3-18 MSMD Multiplexing Approach 
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EOA designs were completed for all of the candidate optical sensor 
technologies exhibiting potential for aircraft flight control and air data sensor 
applications. The following EOA designs were completed under this task: 


• OTDR Backscatter 

• PBL Remote Electrical (laser based) 

• PBL Remote Electrical (LED Based) 

• TDIN Gradient Filter Plate 

• TDIN Absorption Edge Shift (same as TDIN Filter Plate) 

• TDIN Microbend Modulated (same as TDIN Filter Plate) 

• TDM Beam Interrupt 

• TDM Optical Cod# Plate 

• TRD Fluorescent 

• TRD Phosphorescent 

• WDIN Absorption Edge Shift 

• WDIN Fabry-Perot Interferometer 

• WDIN Gradient Fitter Plate 

• WDIN Microbend Modulated 

• WDIN Photo-Elastic 

• WDIN Reflective Diaphragm 

• WDM Fabry-Perot Interferometer 

• WDM Optical Code Plate (Bulb based) 

• WDM Optical Code Plate (LED Array) 

• WDM Diffraction Grating (same as WDM Code Plate) 

• WDM Photo-Elastic (same as WDM Code Plate) 


Detailed designs for these EOAs are included in Appendix B. Each EOA design 
was based upon detailed information from representative sensor manufacturers 
concerning optical modulation/demodulation requirements for implementation of each 
ca ndidate sensor technology. Several of the candidate optical sensor technologies 
investigated warranted the design of multiple EOAs in order to analyze unique 
implementations between the various sensor manufacturers. Each EOA utilizes an 
optimized multiplexing scheme based on the optical power budget available. 
Because the approach to power budget analysis and management can very greatly 
between manufacturers, the candidate EOAs in Appendix B may not be representative 
of each manufacturer's •preferred" implementation approach. For this reason, the 
manufacturers have not been referred to by name. 
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3.1.6 Task 1.6 Develop MCA1R Architecture Evaluation Criteria & Weighting-Factors 

This task developed suitable architecture evaluation criteria to allow a 
comprehensive comparison between the candidate EOAs designed under Task 1.5. 
This evaluation criteria included such issues such as reliability, maintainability, 
redundancy, cost/weight/volume, environment, and optical power budget. Relative 
weighting factors were assigned to the evaluation criteria to allow comparisons 
between various EOAs. These evaluation criteria and relative weighting factors were 
submitted to NASA for approval prior to proceeding to Task 1 .7. 

In the process of defining suitable architecture evaluation criteria, K became 
apparent that the scope of this effort would have to be expanded in order to perform a 
comprehensive and accurate evaluation of the candidate architectures. Each of the 
EOAs developed under Task 1 .5 was evaluated against the key evaluation criteria for 
avionics architectures as defined under the Air Force's High Reliability (HI-REL) 
Fighter study. In order to adequately understand these criteria, It is first necessary to 
define each criteria in clear-cut, unambiguous terms. Once this has been 
accomplished, it is possible to describe the relationship between these criteria and to 
assign relative weighting factors to each. 

The key evaluation criterion, according to the HI-REL fighter study, was 
determined to be supportability. Supportability is composed of three key elements: 
reliability, maintainability, and Integrated Logistics Support (ILS). Priorities were 
established with respect to each of these elements of supportability. Top priority was 
given to reliability because it drives the other elements. For example, a reduction in 
the number of parts in an EOA leads to improved reliability. This in turn means 
reduced maintenance actions (a maintenance improvement) and reduction in the 
number of required spares (an ILS improvement). Examples of key reliability features 
include designing for the environment, parts reduction, component quality 
improvement, etc. Key maintainability features that do not require improved reliability 
include reduced access time, improved fault isolation, diagnostics and built-in test, etc. 
Likewise, significant ILS features include increased spares protection level, decreased 
manning levels, etc. As a whole, each element of supportability offers independent 
enhancements, but only reliability offers features that drive other elements. 

The HI-REL fighter study defined five Measures of Merit (MoM) upon which 
architecture evaluation should be based. The five MoM determinants, include 
downtime, Life Cycle Cost (LCC), mission capable rate, sortie rate, and deployability. 
A study of the interrelationships among these five determinants revealed that 
downtime was the single most important figure of merit contributing to weapons system 
readiness. Downtime per flight hour combines each of the elements of supportability 
(redundancy, maintainability, and integrated logistics support) and normalizes them to 
flight hours. Downtime consists of elapsed maintenance time (EMT), awaiting 
maintenance time (AWM), and awaiting parts time (AWP). Values for EMT, AWM, and 
AWP were derived from the MoM computer modeling program. 
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The EOA Configuration Development and Evaluation plan as originally 
conceived is shown in Figure 3-19. 
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Figure 3-19 EOA Configuration Development and Evaluation 
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The EOA Configuration Development and Evaluation Plan would ideally 
include the following five phases in the architecture evaluation process: 

Phase I: EOA Configuration Development - Evaluate the suppo liability 

characteristics (reliability, maintainability, and integrated logistics support) of the 
candidate EOAs. 

Phase II: Effectiveness Analysis - Evaluate the effectiveness of the candidate 
EOAs and associated support equipment with regard to a given operational 
scenario. The EOAs and support systems should be evaluated in terms of 
supportability, downtime, availability, and deployability. A campaign analysis 
would then be performed to determine expected kills, sortie rates, and loss rates 
against a baseline aircraft architecture. 

Phase III: Technology Plans & Risks - Evaluate candidate EOAs to determine 
the most promising technologies based upon downtime reduction, technical risk, 
and affordability. A qualitative sensitivity analysis would then be performed in 
order to assess performance, weight, cost, resources, and risk associated with 
each of the candidate EOAs under consideration. 

Phase IV: Life Cycle Cost Studies - Estimate life cycle costs for each of the 
candidate EOAs. Major cost drivers for each EOA will be Identified in this phase. 
Data collected to make these estimates would jndude a detailed weights 
breakout by subsystem, material distribution, and estimated complexity. 

Phase V: EOA Configuration Selection - Determine the "preferred" sensor 
modulation technique and associated EOA based upon the evaluation criteria. 


Throughout the EOA evaluation process, trade-offs between life cycle costs,, 
performance, and supportability must be conducted in order to arrive at an "optimum" 
architecture which is a blend of the best possible supportability characteristics given 
performance, affordability, and survivability constraints. 
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3.1.7 Task 1.7 - Eva luate Candidate Sensor/EQA Combinations 


This task evaluated the candidate EOAs against the evaluation criteria and 
relative weighting factors in order to identify the optimal EOA configuration. The 
results of these analyses indicated that of the three key evaluation criteria (reliability, 
maintainability, and integrated logistics support) which determine overall system 
supportability and aircraft downtime, system reliability was the overriding factor in the 
selection of the optimal EOA configuration. This was largely due to the lack of 
available data on maintenance and ILS requirements for architectures based on this 
emerging technology. Because of the lack of available data, maintainability was a 
secondary consideration followed closely by ILS. 

% 

EOA reliability data was based on MIL-STD-217E analyses with regard to the 
following assumptions: 

* An aircraft Initial Operational Capability (IOC) date of 1995 was assumed. This 
IOC date effectively set a technology cutoff date in the early 1 990's. This tended 
to increase the reliability estimates for those EOAs employing emerging 
technologies which are projected to increase in reliability in the future. For 
example, the reliability of the WDM Digital Optical Code Plate architecture was 
projected to be 62,734 hours. This is approximately three times the 
manufacturer's reliability estimate (20,000 hours) for a present day technology 
implementation of the equivalent architecture. The reliability increase can be 
largely attributed to the projected increases in reliability of the charge coupled 
device used in the WDM receiver circuit. 

* Reliability figures were based upon Mean Flight Hours Between Failures 
(MFHBF) and not Mean Time Between Failures (MTBF). The MFHBF reliability 
number provides the best indicator of overall aircraft availability. Since MFHBF 
does not include the time that the aircraft is on the ground but powered up (i.e. 
warm up and taxi), this number will tend to be somewhat lower than the MTBF 
reliability figures typically quoted by the EOA manufacturers. 

* Reliability of the optical sensor and associated optical interconnect could not be 
included in the overall EOA analysis due to lack of environmental performance 
data for these components. As a result, EOA reliability estimates may not agree 
with projected estimates by the sensor manufacturers. 

EOA reliability was selected to be the discriminating factor in the selection of an 
"optima!” EOA configuration. Reliability estimates for both non-multiplexed (single 
sensor) and multiplexed (multiple sensors) EOA configurations were calculated. The 
multiplexed EOA configurations were based upon actual aircraft requirements for 
number of sensors. By comparing the reliability ratios between these two 
configurations is was possible to determine which sensor technologies were best 
suited to multiplexing. By comparing the overall reliability figures for the multiplexed 
EOAs it was possible to identify an "optimal” sensor technology. EOA reliability results 
are presented in Figures 3-20 through 3-22. 
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A comparison of the overall reliability figures for multiplexed EOAs revealed that 
it was not possible to select an 'optimal” EOA configuration using reliability as the sole 
discriminator. A more accurate evaluation must therefore include three elements of 
suppo liability as the discriminator: (1) reliability, (2) maintainability, and (3) ILS. 
However, the lack of available data on maintenance and ILS requirements for this 
relatively immature technology precludes their use as viable discriminators at this time. 
Using reliability as a preliminary discriminator, however, it is possible to identify 
several "preferred” sensor technologies. The EOA conceptual design efforts 
previously planned under Task 2 were subsequently modified to include several EOAs 
to accommodate this entire range of "preferred" sensor technologies. 
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3.1.8 Task 1.8 - Remmmend Preferred Sensor ModulaiiflalflChniQUflS and. 

Associated EQAs 

This task made specific recommendations as to which sensor optical 
modulation techniques and associated EOAs are desirable for advanced aircraft. The 
results of the analyses conducted under Task 1.7 were used to select an optimal EOA 
configuration for each category of aircraft flight control and air data sensor. The results 
of Task 1 evaluation efforts indicate two points: (1) no singular optical sensor 
technology can be optimized for all aircraft sensor applications, and (2) no strong 
discriminator exists upon which to base the selection of an "optimal" EOA technology 
for any given .sensor application. It is possible, however, to recommend several 
"preferred" optical sensor technologies based upon the results of Task 1. A composite 
chart outlining these preferred technologies is presented in Figure 3-23. 
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3.2 Task 2.0 • DETAILED DESIGN 


This task involved the development of Level 1 conceptual designs for an aircraft 
integrated EOA system. The preferred sensor modulation technologies and 
associated EOAs identified under Task 1 were used as a starting point for this process. 
By identifying and exploiting the functional commonalties that exist among the 
preferred sensors , it was possible to develop a minimal set of EOA Level 1 hardware 
designs to accommodate the entire range of preferred sensors. Part of this design 
process involved the identification of critical component technologies required to 
construct an all optical aircraft flight control system. Interface specifications were then 
developed for each of the candidate EOA designs in order to ensure compatibility with 
the preferred sensors technologies. Interconnection of the EOAs to the sensors, 
actuators, and flight controllers was addressed, and a conceptual design for an aircraft 
integrated EOA system was proposed. The manner in which the candidate EOAs 
could be integrated into an advanced aircraft VMS architecture was also addressed. 
Task 2 was composed of six subtasks as outlined In the roadmap of Figure 3-24. 
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3.2.1 Task 2.1 - Flight Control Systems Specifications 

This task defined the system level requirements for the flight control and air data 
systems. The F-15/SMTD aircraft was selected as the point design for this task. Flight 
control and air data system level requirements were defined in the areas of data 
latency, fault tolerance, and redundancy. As with the individual EOAs, system 
suppo liability was a prime consideration in the development of the Level 1 system 
architecture. Since this task is dapendent on the physical layout of the sensors and 
EOA to the airframe, it was decided to address these issues under Tasks 2.5 and 2.6. 

3.2.2 Task 2.2 - Propulsion Control System Specifications 

This task defined the system level requirements for aircraft propulsion control. 
Once again, the F-15/SMTD was used as the point design for this process. Flight 
control and air data system level requirements were defined in the areas of data 
latency, fault tolerance, and redundancy. Since this task is dependent on the physical 
layout of the sensors and EOA to the airframe, it was decided to address these issues 
under Tasks 2.5 and 2.6. 

3.2.3 Task 2.3 - Define EOA Component Requirements 

This task specified the components required to construct an EOA system. 
Before beginning the detailed Level 1 EOA designs under Task 2.4, it was first 
necessary to define the operational and environmental performance requirements for 
the individual optical components required to construct an EOA system. These 
components include optical fiber, connectors, and couplers. Wherever appropriate, 
MCAIR flight qualified optical components were specified. The standard tests that 
these passive optical components must undergo in order to become flight qualified by 
MCAIR are included in Appendix C. The test conditions outlined in these charts are 
representative of the actual aircraft environments experienced by these components. 
To pass flight qualification testing, these components must be capable of withstanding 
thermal environments ranging from -65 degrees to +200 degrees Celsius and 
mechanical shock levels of up to 300 G's in any axis. 

Fiber Requirements - The fiber optic cable used to interconnect the sensors to the 
EOAs must provide reliable, low loss operation over a wide range of environmental 
extremes. All types of optical fiber which have been previously flight qualified at 
MCAIR have a 100/140 micron core/cladding ratio. Attempts to qualify a 200 micron 
core optical fiber have been unsuccessful due to fiber breakage during mandrel wrap 
testing. Recently introduced 200 micron hard dad silica fibers have successfully 
passed the mandrel wrap test but have subsequently failed during temperature cyding 
due to inherent thermal limitations of the fiber polymer coating. 

MCAIR currently has two flight qualified fiber optic cables. Both cables are of 
graded index construction. The first is a fluorine doped fiber rated for 150 degrees 
Celsius operation, and the other is a phosphor doped fiber rated for 200 degrees 
Celsius operation. The latter fiber is polyimide coated to reduce overall cable size and 
weight. This cable is only 0.083 inches in diameter and weighs only 4.0 pounds per 
thousand feet. An example this cable is shown in Figure 3-25. 
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Figure 3*25 Graded Index Fiber Optic Cable 


Graded-index fibers traditionally have very low optical dispersion characteristics 
resulting in very high data bandwidths. Because of these characteristics, graded* 
index fibers were a natural selection for use on high speed airborne fiber optic links. 
While a graded-index fiber is desirable for high speed data communications, it may 
present a problem when applied to EOAs employing wavelength referenced sensors. 
Certain doping materials used in the manufacture of graded-index fibers may tend to 
act as a temperature dependent absorption edge shift sensors resulting in high 
attenuation at for some wavelengths and temperatures. Until additional spectral 
evaluation of graded-index fiber is completed, it would be prudent to specify step- 
index fiber for wavelength referenced EOAs. 

Connector Requirements - To maintain compatibility with existing aircraft electrical 
interconnects, the sensor/EOA interface must contain MIL-C-38999 compatible, size 
16 single fiber termini. Although many fiber optic cables exist for +200 degrees 
Celsius operation, most 38999 compatible connectors are currently limited to +150 
degrees Celsius operation due to thermal breakdown of the epoxy used to 
encapsulate the fibers. In order to achieve operation at +200 degrees Celsius, a 
reliable epoxy-less (crimp /cleave) type connector should be used. To reduce aircraft 
repair time and maintenance personnel skill levels, a non-polish type of quick 
termination is desirable. However, previous attempts to flight qualify a dry/non-polish 
connector were largely unsuccessful due to unacceptable loss characteristics. An 
example of a MIL-C-38999 compatible connector is shown in Figure 3-26. 



Coupler Requirements - Two types of passive couplers are currently available: 
fused biconical taper, or integrated optic. The fused biconical type coupler Is 
manufactured by twisting the fibers together and heating the junction to form a mixing 
region for the optical signal. Because of non-uniformities in this mixing region, these 
devices typically exhibit undesirable sensitivities to modal distribution, vibration, and 
humidity. A relatively new type of optical coupler is the integrated optic or planar 
waveguide type coupler. These devices are constructed by etching optical 
waveguides directly into a substrate using standard semiconductor photo-resist 
fabrication techniques. This manufacturing precision provides for a very controlled 
coupling efficiency and insensitivity to modal dependencies. Because of the power 
budget penalties associated with any passive coupler, these devices are generally not 
desirable. Although these devices are not currently required for construction of the 
EOA, they will be required for certain sensors (WDM, TDM, and PBL). An example of 
an innovative planar waveguide coupler is shown in Figure 3-27. 



Figure 3-27 Planar Waveguide Fiber Optic Coupler 








3.2.4 Task 2.4 - Pe rform EOA Level 1 Design 

This task involved the development of Level 1 conceptual designs for an aircraft 
ifrttegrated EOA system. The preferred sensor modulation technologies and 
associated EOAs identified under Task 1 were used as a starting point for this process. 
By Identifying and exploiting the functional commonalties that exist among the 
preferred sensors , it was possible to develop a minimal set of EOA Level 1 hardware 
designs to accommodate the entire range of preferred sensors. Interface 
specifications were then developed for each of the candidate EOA designs in order to 
ensure compatibility with the preferred sensors technologies. 

The optical sensor data base developed previously under Task 1 identified over 
l®0 currently available optical sensors based on some 20 different technology 
implementations. Subsequent system evaluation efforts succeeded in identifying 
trainee n (13) 'preferred” optical sensor technologies suitable for aircraft flight control 
wti air data applications. Thase preferred sensor technologies (not in order of 
preference) are: 

1) TDM Digital Code Plate 

2) Analog Gradient Filter Plate/Wheel 

3) Microbend Modulated 

4) Reflective Diaphragm 

5) Photo-Elastic 

6) Absorption Edge Shift 

7) Fabry-Perot Interferometer 

8) WDM Digital Code Plate 

9) Moving Diffraction Grating 

1 0) Power-By-Light Remote Electric 

11) Beam Interrupt/Pulse Count 

12) Fluorescent TRD 

13) Phosphorescent TRD 

In order to reduce the number of unique EOA Level 1 designs required, these 
preferred sensors were grouped according to sensor technology class. This resulted 
w ihe identification of five (5) EOAs to accommodate these preferred sensor 
technologies. Selection of the candidate EOAs was based on availability of sensor 
technologies which are suitable for use in an aircraft multiplexed flight control system. 
Mb shown in Figure 3-28, the candidate EOAs (not in order of preference) are: 

1) TDM Digital 

2) TDM Analog 

3) WDM Optical Spectrum Analyzer 

4) PBL Remote Electrical 

5) CW Intensity Modulated 

Tithe shaded portion of Figure 3-28 identifies those sensors which do not currently meet 
fhe operational or multiplexing requirements for aircraft flight control/air data sensors. 
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Figure 3-28 Flight Control Multiplexed EOA Development 


Additional analysis concluded that it was possible to further reduce the number 
of candidate EOAs to four (4) by combining the CW Intensity Modulated with the TDM 
Digital EOA. The TDM Digital EOA used with optical code plate sensors is typically 
optimized for operation at a single frequency such as 100 MHz. The CW Intensity 
Modulated EOA is used exclusively for beam interrupt type rotary wheel speed 
sensors and will typically receive digital optical data anywhere in the range of DC to 
100 KHz depending on wheel speed and size. By making only slight modifications to 
the receiver of the TDM Digital EOA it is possible to develop a common EOA capable 
of operating from DC to 100 MHz. 

The optica] spectrum TRD type sensors are generally not well suited for use in 
an aircraft multiplexed EOA due to the long sample time (10-100 ms) required to 
accurately measure sensor spectral decay. Nevertheless, they can readily be 
accommodated by a slight variation of the existing WDM Optical Spectrum Analyzer 
EOA design. The existing WDM EOA design is optimized for operation in the 750-950 
nanometer range at both the transmitter and receiver. Spectral TRD sensors typically 
fluoresce (or phosphoresce) at a wavelength several hundred nanometers higher that 
the optical source excitation wavelength. Because of this fact, TRD sensors can only 
coexist with WDM based sensors if their returned spectrum is not in the 750-950 
nanometer range, otherwise the relatively long optical decay time will interfere with the 
return signals from the other WDM sensors. In order to integrate a spectral decay 
sensor with conventional WDM based sensors in a single EOA, it is necessary to 
modify the WDM receiver to accommodate this spectral shift. For example, a spectral 
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decay sensor with excitation centered at 850 nanometers and return spectrum 
centered at 1000 nanometers could easily be accommodated in the existing WDM 
EOA by merely adding another diode optimized for this wavelength onto the 
photodiode array. In this instance, the relatively long decay times associated with 
spectral decay sensors would not affect operation of the other WDM sensors. 

Detailed Level 1 designs for each of the four EOAs are presented in Appendix 
D. Each of the EOA designs are based upon a Multiple Source/Single Detector 
(MSSD) multiplexing approach which was the optimal approach identified earlier. To 
minimize system optical interconnect losses, the EOA receiver designs incorporate a 
non-reciprocal power combiner constructed by combining all of the sensor receive 
fibers into a single fiber bundle. This approach eliminates the physical splitting losses 
(10 log N) and excess losses associated with a fused biconical type reciprocal power 
combiner. Anticipated losses for this type of multiplexing will depend on the number of 
receive fibers and the surface area of the receiver photodetector, but can generally be 
assumed to be less than 3 dB. Although this power combiner can be considered to be 
a somewhat "specialized" component, it is fairly easily constructed. This approach is 
acceptable from a maintainability and integrated logistics support viewpoint since the 
combiner is confined to the EOA module itself. 

Additional specialized components which may be required to implement the 
candidate EOAs include: 1) TDM high power optical source capable of coupling +4 
dBm optical power into 100/140 micron step-index optical fiber, 2) WDM broadband 
integrated light source capable of providing 200 nanometers broadband light with 
channel density approaching 10 microwatts per nanometer into 100/140 micron step- 
index optical fiber. 3) WDM integrated optical spectrum analyzer for demultiplexing 10 
to 12 bit WDM signals, and 4) planar waveguide couplers for use in WDM broadband 
optical sources and self-referencing sensors. 

The EOA interface covering a general class of sensors can be specified at this 
time. Detailed interface control documents for each sensor type can be developed 
later as part of a cooperative agreement between the individual sensor and EOA 
manufacturers. Interface specifications for EOAs are included in Appendix D. 
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3.2.5 Task 2.5 - Layout of Sensor /Actuator to Controller Interface 

t 

This task addressed the interconnection between flight control and air data 
sensors, actuators, EOAs, and flight controllers. The manner in which the flight and 
propulsion control systems are integrated into the VMS bus and avionics multiplex bus 
was also addressed. Physical layout criteria was based on the F-15/SMTD aircraft. 

Before beginning the task of EOA airframe integration, the airframe sensors 
were arranged into logical groups according to sensor function. As shown in Figure 3- 
29, this resulted in the identification of 9 EOA functional groupings for a single channel 
(non-redundant) flight control system. Each functional grouping was then assigned a 
range of EOA technologies with which it is compatible. Most of the EOA functional 
groups are compatible with a wide range of technologies and the lack of a strong 
discriminator makes it impossible to identify a singular optimized technology at this 
time. Exceptions to this are the interferometric inertial reference sensors which will not 
be remotely multiplexed, and the rotary wheel speed sensor which is currently only 
compatible with TDM Digital EOA. 
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Figure 3-29 Aircraft EOA Functional Groupings 







































Next, a conceptual design for integrating the EOA functional groups into an 
airframe was developed using F-15/SMTD physical layout criteria as shown in Figure 
3-30. It is recommended that the EOA to flight controller interface be MIL-STD-1773 
compatible in order to maintain compatibility with existing 1553 based data acquisition 
hardware and test equipment. 



The manner in which an EOA based flight and propulsion control systems might 
be integrated into an advanced aircraft VMS was also addressed. The Air Force PAVE 
PILLAR advanced architecture concept served as the starting point for this effort. 
Current VMS design concepts employ remote multiplexing of electrical sensors via 
remote terminal units connected to a VMS computer (flight controller) by a high speed 
fiber optic data bus. EOA technology can easHy be incorporated into advanced VMS 
architecture as a pre-planned product improvement. Upgracfing a PAVE PILLAR 
architecture to incorporate EOA technology is accomplished by removing the existing 
electrical sensor interface modules and replacing them with EOA modules. The 
sensor and interconnect cable would correspondingly be changed to fiber optic. 
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3.2.6 Task 2.6 - Co mponents Redundancy Design 

This task addressed EOA redundancy and fault tolerance as a means of 
satisfying system integrity requirements. A prerequisite to the development of a totally 
integrated fiber optic control system is an understanding of the present day electrical 
implementation. Electronic flight control system architectures have evolved to 
economically and reliably meet aircraft requirements for flight safety and can therefore 
serve to illustrate several key aspects of the problem. F-15/SMTD flight control system 
architecture used in this study serves as a case in point. The R-15/SMTD employs a 
quad redundant digital flight controller configured as two dual redundant controllers 
which are separated in the aircraft to enhance survivability. Each of the four 
processing channels in the flight controller have access to all available electronic 
sensor information and can therefore function as an autonomous procsssing unit. This 
arrangement provides a high degree of system integrity which allows the flight control 
system to continue operating even after two successive failures of a sensing or 
processing resource. To reduce the amount of wiring required between the sensors 
and flight controllers, electronic sensor information is multiplexed within the individual 
flight controllers and shared between processor channels over a dedicated cross 
channel data link. The ability to "cross wire" sensors to individual flight controllers 
becomes increasingly difficult with optical sensors due to power budget restrictions. 
As indicated in Figure 3-31, this problem must be overcome through the use of 
extensive cross channel data monitoring. 
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Figure 3-31 F-15/SMTD Sensor Redundancy Implementation 
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4.0 DISCUSSION OF RESULTS 

The objective of this contract was to evaluate various optical sensor modulation 
technologies and to design an optimal Electro-Optic Architecture (EOA) for servicing 
remote clusters of sensors and actuators in advanced aircraft flight control systems. 
This study was part of a multi-year initiative under the Fiber Optic Control System 
Integration (FOCSI) program to design, develop, and test a totally integrated fiber optic 
flight/propulsion control system for application to advanced aircraft. This program 
signalled the start of FOCSI Phase II and will provide the foundation for future activities 
in the areas of of advanced component development and test. 


The results of Task 1 system evaluation efforts indicate two points: (1 ) no 
singular optical sensor technology can be optimized for all aircraft sensor applications, 
and (2) due to the relatively immature state of optical sensor technology, no strong 
discriminator currently exists upon which to base the selection of an "optimal" EOA 
technology for any given sensor application. However, the results of Task 1 can be 
used to identify several "preferred" optical sensor technologies suitable for aircraft 
flight control and air data sensing applications. These preferred technologies are: 


* TDM Digital Optical Code Plate 

* Beam Interrupt/Pulse Count 

* Analog Gradient Filter Plate 

* Microbend Modulated 

* Reflective Diaphragm 

* Photo-Elastic 


* Absorption Edge Shift 

* Fabry-Perot Interferometer 

* WDM Digital Optical Code Plate 

* Moving Diffraction Grating 

* Phosphorescent TRD 

* Fluorescent TRD 


• Power-By-Light Remote Electric 


By identifying and exploiting the functional commonalties that existed among 
these sensors , it was possible to identify four "preferred" EOA configurations the entire 
range of preferred optical sensor technologies. The preferred EOA configurations are: 

* Time Division Multiplexed Digital 

• Time Division Multiplexed Analog 

• Wave Division Multiplexed Optical Spectrum Analyzer 

* Power-By-Light (PBL) Remote Electrical. 
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The results of Task 2 design efforts indicate that it is possible to develop a set 
of four common EOA modules that are compatible with a wide range of promising 
optical sensor technologies. Interface specifications were then developed for each of 
the candidate EOA designs in order to ensure compatibility with the preferred sensors 
technologies. Specialized components requiring further development prior to 
construction of an integrated EOA system were identified and include; 

1) TDM High Power Optical Source 

2) WDM Broadband Integrated Source 

3) WDM Integrated Optical Spectrum Analyzer 

4) Planar Waveguide Passive Coupler 

Conceptual designs were developed for each of these components. Anticipated 
FOCSI follow on activities will be directed towards the construction and evaluation of 
these components, the preferred optical sensors, and associated EOAs ultimately 
leading to a flight test program to evaluate the suitability of optical sensor technology 
for advanced aircraft applications 
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McDonnell Aircraft Company would Ilka to axpreaa Its 
appreciation to the following manufacturers who supplied 
valuable technical Information for the optical sensor data base. 


• Accuflber, Incorporated 
Vancouver, WA 

• Allied Precision Electronics 
College Station, TX 

• Aster Corporation 
Milford, MA 

• AT&T Corporation 
Los Angeles, CA 

• Aurora Optics 
- Blue Bell, PA 

• Babcock & Wilcox 
Alliance, OH 

• BEI Motion Systems 
Little Rock, AR 

• Conax Buffalo Corporation 
Buffalo, NY 

• Eaton/Cuttler Hammer Corp. 
Shawnee Mission, KS 

• EG&G Fiber Optics 
Burlington, MA 


• ELDEC Corporation 
Lynwood, WA 

• EOTec Corporation 
West Haven, CT 

• Fiber Optic Sensor Tech. 
Ann Arbor, Ml 

• FSI/Fork Standards, Inc. 
Lombard, IL 

• General Electric Company 
Cincinnati, OH 

• Hewlett-Packard 
Rolling Meadows, IL 

• Honeywell, Incorporated 
Minneapolis, MN 

• Hughes Research Labs 
Goleta, CA 

• Inland Motor Corporation 
Radford, VA 

• Litton Poly-Sclentlflc 
Blacksburg, VA 


• Luxtron Corporation 
Mountain View, CA 
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• McDonnell Douglas Astronautics 

] Huntington Beach, CA 

• Mechanical Technology, Inc. 

J Latham, NY 

{ • Metrlcor 
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L # Optelecom, Incorporated 
Gaithersburg, MD 

r • Optic Measurement Controls, Inc 

] The Woodlands, TX 

. • Optical Technologies, Inc. 

{ Herndon, VA 

y • OPW/Dover Corporation 

j Cincinnati, OH 

f* • Parker Bertea Aerospace 

] Irvine, CA 

f • Rosemount, Incorporated 

1 Bridgeton, MO 
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• Slmmonds Precision Products 
Vergennes, VT 

• Singer Kearfott 
Black Mountain, NC 

• Statham Transducer 
Oxnard, CA 

• TACAN Aerospace Corporation 
Carlsbad, CA 

• Tedeco/Aeroqulp Corporation 
Glenolden, PA 

• Teledyne Ryan Electronics 
San Diego, CA 

• Untied Technologies Research 
East Hartford, CT 

• Vanzettl Systems, Inc. 
Stoughton, MA 

• Williamson Corporation 
Concord, MA 

• York Technology 
Princeton, NJ 
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LIST OF ABB REVIATIONS AND ACRONYMS 


dB 

Decibel 

dBm 

Decibel referenced to 1 milliwatt 

EOA 

Electro-Optic Architecture 

FOCSI 

Fiber Optic Control System Integration 

FWHM 

Full Width Half Maximum 

Hz 

Hertz 

KHz 

Kilohertz 

mW 

milliwatt 

nm 

nanometer 

ns 

nanosesond 

TDM 

Time Division Multiplex 

TRD 

Time Rale of Decay 

WDM 

Wave Division Multiplex 

pW 

microwatt 


DEFINITION OF TERMS 

Electro-Optic Architecture (EOA) • An EOA as defined herein is any equipment 
(hardware, software, and firmware) that supplies optical power to remote sensors and 
actuators, processes the modulated optical signals returned from the sensors, and 
produces conditioned electrical signals acceptable for use by a digital flight controller. 

Leakage Power • Leakage power is the power produced by an output when that 
output has been commanded to be off. 

Peak Power * Peak power is the maximum instantaneous power of an output 
produced during the active (high) portion of the duty cycle of that output. 

Residual Power - Residual power Is the power produced by an output during the 
inactive (low) portion of the duty cycle of that output. 

Bit Error Rate - The rate at which the receiver commits errors when converting 
optical signals into digital electrical signals. Expressed in bit errors per bits received. 
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1.0 INTRODUCTION 


The optical sensor data base developed under FOCSI II has identified over 100 
currently available optical sensors based on some 20 different technology 
implementations. Subsequent system evaluation efforts succeeded in identifying 
twelve (12) "preferred" optical sensor technologies suitable for aircraft flight control 
and air data applications. These preferred sensor technologies are: 


1 ) TDM Digital Optical Code Plate 

2) Beam Interrupt/Pulse Count 

3) Analog Gradient Filter Plate 

4) Microbend Modulated 

5) Reflective Diaphragm 

6) Photo-Elastic 


7) Absorption Edge Shift 

8) Fabry-Penot Interferometer 

9) WDM Digital Optical Code Plate 

10) Moving Diffraction Grating 

11) Phosphorescent TRD 

12) Fluorescent TRD 


In order to reduce the number of unique EOAs required, these preferred 
sensors were grouped according to sensor technology class. This resulted in the 
identification of three (3) EOAs to accommodate the entire range of preferred sensor 
technologies. Selection of the candidate EOAs was based on availability of sensor 
technologies which are suitable for use in an aircraft multiplexed flight control system. 
As shown in Figure 1-1, the candidate EOAs (not in order of preference) are: 

* Time Division Multiplexed Digital 

* Time Division Multiplexed Analog 

* Wave Division Multiplexed Optical Spectrum Analyzer 
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2.0 EOA PROCUREMENT SPECIFICATIONS 

2.1 Common EOA Characteristics - Conceptual designs for each of the three 
multiplexed EOAs are presented in the following paragraphs. To achieve 
interoperability between various sensors, the EOAs share several common hardware 
characteristics. 

2.1.1 Sensor Multiplexing Approach - Each of the EOA designs are based upon a 
Multiple Source/Single Detector multiplexing approach which has been identified to 
be the optimal approach for remote multiplexing of optical sensors. This approach 
requires one optical source dedicated to each sensor. The EOA receiver is time 
division multiplexed among the available sensors by sequentially illuminating the 
individual sources dedicated to each sensor. To obtain serial data from the receiver, 
each of the N sensors is sampled in 1/N of the allowable integration time. To minimize 
system optical interconnect losses, the EOA receiver designs incorporate a non- 
reciprocal power combiner constructed by combining all of the sensor receive fibers 
into a single fiber bundle. This approach eliminates the physical splitting losses (10 
log N) and excess losses associated with a fused biconical type reciprocal power 
combiner. Anticipated losses for this type of multiplexing will depend on the number of 
receive fibers and the surface area of the receiver photodetector, but can generally be 
assumed to be less than 3 dB. This approach is acceptable from a maintainability and 
integrated logistics support viewpoint only if the combiner is confined to the EOA 
module itself. 


2.1.2 Fihflr Characteristics - The following set of fiber optic transmission medium 
characteristics shall be met to ensure interoperability between sensors and EOAs. 


Core Size: 

Cladding Size: 
Construction: 
Numerical Aperture: 


100 micron 
140 micron 

Step Index, Glass-on-Glass 
0.29 


2.1.3 Connector Characteristics - Each EOA shall have separate optical input and 
output connectors which shall be compatible with the following: 


Contact Type: MIL-C-38999 

Contact Size: #1 6 single fiber terminus 

2.1.4 Optical Sensor Interface - The EOAs described in this specification are 
compatible with transmissive type (two fiber) optical sensors. Interconnection to 
reflective type (single fiber) sensors is accomplished via a passive splitter located 
outside of the EOA module. 


2.1 .5 Flight Controller Interface - The interface from the EOA to flight controller shall be 
MIL-STD-1553B compatible in order to maintain compatibility with existing airborne 
data acquisition equipment. 
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2.2 TDM Digital EOA Characteristics - Time Division Multiplexed Digital (TDM Digital) 
EOAs shall be compatible with the following types of optical sensors: 


• TDM Digital Optical Coda Plate 

* Beam Interrupt/Pulse Count (Tachometer) 

The TDM Digital EOA shall be capable of operating in either the code plate or 
tachometer mode. However, it is not necessary for the EOA to operate in both 
modes simultaneously. Whichever mode the EOA is operating in, it shall meet the 
specified performance requirements. A conceptual design for the TDM Digital EOA is 
shown in Figure 2*1. 



Figure 2-1 TDM Digital EOA 
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In the code plate mode of operation, the EOA shall produce a temporally 
narrow optical pulse to interrogate a network of delay lines which illuminate a digital 
optical code plate within the sensors. The time delay networks return a serial digital bit 
pattern to the EOA. A high speed optical signal conditioner within the EOA decodes 
these digital bit patterns to determine the sensor reading. The pulse width selected 
represents a compromise between the time delays achievable with fiber optic delay 
lines in practical geometries and the bandwidth achievable in state of the art 
optoelectronic transmitters and receivers. To maximize receiver sensitivity, the EOA 
should interrogate each sensor numerous times within the allotted sensor multiplexing 
limitations and use statistical averaging techniques to obtain the sensor reading. It is 
the responsibility of the EOA manufacturer to determine the minimum number of 
sampled pulses that must be averaged in order to achieve the required sensitivity and 
resolution within the specified sensor update rate. 

In the tachometer mode of operation, the EOA shall produce an unmodulated 
(continuous wave) optical pulse to illuminate a transmissive code plate within the 
sensors. The rotating code plates modulate the transmitted signal and return a serial 
bit pattern to the EOA. An optical signal conditioner within the EOA compares the 
number of returned pulses against a known time reference to determine the frequency 
of returned pulses which indicate sensor speed. The duration of the EOA optical 
output pulse will vary inversely with sensor speed and must be of sufficient duration to 
receive an adequate number of returned pulses to accurately obtain a sensor reading. 
It is the responsibility of the EOA manufacturer to determine the minimum number of 
returned pulses that must be measured in order to achieve the required sensitivity and 
resolution within the specified sensor update rate. 

2.2.1 TDM Digital Source Requirements - The EOA shall include a transmitter with the 
following typical characteristics as measured at the EOA output connector. The source 
characteristics are for the individual optical outputs within the EOA. 


Code Plate IlgMmtiBI 


Transmitter Peak Optical Power (high): 
Transmitter Residual Power (low): 
Transmitter Optical Leakage Power (off): 
Transmitter Intersymbol Interference: 
Transmitter Maximum RiseTime: 
Transmitter Maximum Fall Time: 
Transmitter Center Optical Wavelength: 
Transmitter Nominal Pulse Width (high): 
Transmitter Nominal Bit Time (high/low): 


+4 dBm (2.5 mW) 

TBD 

TBD 

TBD 

4 ns (10 to 90%) 
6 ns (10 to 90%) 
850 nm 
10 ns FWHM 
20 ns 


•6 dBm (250 pW) 

TBD 

TBD 

TBD 

4 ns (10 to 90%) 
6 ns (10 to 90%) 
850 nm 
Variable 
Variable 


The TDM Digital Source must meet the above specifications over the entire 
thermal environment as outlined in section 3.1. The source shall be self compensating 
and shall not rely upon interconnection to the EOA digital receiver to achieve power 
stabilization. It is the responsibility of the EOA manufacturer to evaluate possible 
alternative implementations for source stabilization. 
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2.2.2 THlf Digital Receiver Requirements - The EOA shall Incorporate a single 
receiver channel with an optical detector of sufficient surface area to receive signals 
from the specified number of multiplexed sensors. Sensor outputs will be multiplexed 
in time by tfae sequencing of the sources. Timing data is based upon a multiplexing of 
six optical cede plate type sensors or two tachometers. 


Code Plate Tachometer 


Recover [Maximum Optical Power Input: 
Re ceiver Dynamic Operating Range: 
Receiver Inter-Sensor Dynamic Range: 
Receiver ^Minimum Optical Power Input: 
Receiver Input Maximum Rise Time: 
Receiver [Input Maximum Fall Time: 
Receiver Center Wavelength 
Receiver [Nominal Bit Time: 

Rocoiver [Maximum Bit Error Rate: 


TBD 

TBD 

TBD 

*55 dBm 

5 ns (10 to 90%) 

7 ns (10 to 90%) 

850 nm 

20 ns 

1 in 10 6 Bits 


TBD 

TBD 

TBD 

-48 dBm 

TBD 

TBD 

850 nm 

Variable 

1 in 10 6 Bits 


Sensor update Rate (per sensor): 1 KHz 


20 Hz 


To wstximize receiver sensitivity, the EOA should interrogate each sensor 
numerous tfimes within the allotted sensor multiplexing limitations and use those 
samples to statistically achieve a greater sensitivity and resolution than would 
otherwise fce possible with a single sample. It is a condition required by this 
specificafem that the required receiver sensitivity and resolution shall be achieved 
within the tfime allowed by the sensor update rate. The EOA shall provide the 
statistical processing necessary to use multiple samples to achieve the required 
sensitivity and resolution within the sensor update time. It is the responsibility of the 
EOA manufacturer to determine the minimum number of sampled pulses that must be 
averaged i*n order to achieve the required sensitivity and resolution within the 
sped tied sensor update rate. 
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2.3 TDM Analog EOA Characteristics - Time Division Multiplexed Analog (TDM 
Analog) EOAs shall be compatible with the following types of self-referencing analog 
optical intensity sensors: 

* Analog Gradient Filter Plate 
9 Microbend Modulated 
9 Reflective Diaphragm 
9 Photo-Elastic 
9 Absorption Edge Shift 

The TDM Analog EOA must be capable of multiplexing any combination of the 
above sensors within a single EOA. The EOA will have prior knowledge of what types 
of sensors are currently being multiplexed and must be capable of processing the 
returned signals from a known combination of these sensors. The EOA shall provide 
for scaling and calibration of the various sensor readings through software control. A 
conceptual design for the TDM Analog EOA is shown in Figure 2-2. 
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The EOA shall produce a temporally narrow optical purse to interrogate a self- 
referenced analog intensity sensor. The sensor returns two serial optical pulses to the 
EOA A high speed optical signal conditioner within the EOA decodes these pulses to 
determine the sensor reading. The pulse width selected represents a compromise 
between the time delays achievable with fiber optic delay lines in practical geometnes 
and the bandwidth achievable in state of the art optoelectronic transmitters and 
receivers To maximize receiver sensitivity, the EOA should interrogate each sensor 
numerous times within the allotted sensor multiplexing limitations and elertronically 
average the readings to obtain the sensor reading. It is the responsibility of the EOA 
manufacturer to determine the minimum number of sampled pulses that njust be 
averaged in order to achieve the required sensitivity and resolution within the 

specified sensor update rate. 

23 1 tdm Analog finuree Req uirements - The EOA source shall ha ye ide ntical 
operating characteristic the ! L)M L)igrtal EOA source used for optical code plate 
sensors as outlined in section 2.2.1 above. 

2 3 2 TDM Anelnn Receiver Req uirements - The EOA shall incorporate a single 
rece iverchannelv^ nt surface area to receive signals 

from the specified number of multiplexed sensors. Sensor outputs will be multiplexed 
in time by the sequencing of the sources. Timing data is based upon a multiplexing of 
six analog self-referenced optical sensors. 


Receiver Maximum Optical Power Input: 
Receiver Operating Range: 

Receiver Inter-Sensor Dynamic Range: 
Receiver Minimum Optical Power Input: 
Receiver Input Maximum Rise Time: 
Receiver Input Maximum Fall Time: 
Receiver Center Optical Wavelength 
Receiver Nominal Bit Time: 


TBD 

TBD 

TBD 

-44 dBm 

5 ns (10 to 90%) 

7 ns (10 to 90%) 

850 nm 


20 ns 


Sensor Update Rate (per sensor): 


1 KHz 


/ 


To maximize receiver sensitivity, the EOA should interrogate each sensor 
numerous times within the allotted sensor multiplexing limitationsanduse those 
samples to statistically achieve a greater sensitivity and resolution than would 
otherwise be possible with a single sample. It is a condition 
specification that the required receiver sensitivity and resolution shall be achieved 
vrithin the time allowed by the sensor update rate. The 

time controls the time for Individual samples of the sensor. The EOA 8 ha« provide the 
statistical processing necessary to use multiple samples to achieve the required 
sensitivity and resolution within the sensor update time. It is the re ®P°P®[ p 'J , ^°L ^ 
EOA manufacturer to determine the minimum number of sampled pu ses that must be 
averaged in order to achieve the required sensitivity and resolution within the 

specified sensor update rate. 


D-7 



2.4 WDM Spectrum Analyzer E OA Characteristics.- Wave Division Multiplexed (WDM) 
EOAs shall be compatible with the following general classes of optical sensors: 

• Analog Self-Referenced Intensity Sensors 

• WDM Digital Optical Code Plates 

• Analog Time Rate of Decay (TRD) Sensors 

The WDM EOA shall be capable of operating in either the three modes listed 
above. However, it is not necessary for the EOA to operate in more than one mode 
simultaneously. The EOA will have prior knowledge of which mode it is operating in 
and must b© capable of processing the returned signals from any combination of 
multiplexed sensors within that mode. The EOA shall provide for scaling and 
calibration of the analog sensors through software control. Whichever mode the EOA 
is operating in, it shall meet the specified performance requirements. A conceptual 
design for the WDM EOA is shown in Figure 2-3. 


Outgoing Spectrum 



Figure 2-3 WDM Spectrum Analyzer EOA 
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In the analog mode of operation, the EOA shall produce an unmodulated 
(continuous wave) broadband optical pulse to illuminate a self-referenced analog 
intensity sensor. The sensor divides the transmitted signal into two well defined 
wavelength bands. The sensor allows one wavelength band to pass through relatively 
undisturbed (reference band) while reacting with other wavelength bands (signal 
band). Although a full (or partial) spectrum may be returned to the EOA, the optical 
spectrum analyzer would only be looking for those two bands of interest (the signal 
and reference). An optical spectrum analyzer in the EOA measures the relative 
amplitudes of the received pulses in these two returned wavelength bands to 
determine the sensor reading. The EOA shall be capable of resolving the returned 
optical spectrum into a minimum of 10 bands to maintain compatibility with digital code 
plate sensors. Thus, when used with analog sensors, the EOA will not use the full 
capability of the spectrum analyzer. It is the joint responsibility of the EOA and sensor 
manufacturer to identify specific parameters for the two wavelength bands. The EOA 
shall be compatible with the following types of analog sensors: 

* Analog Gradient Filter Plate 

* Microbend Modulated 

* Reflective Diaphragm 

* Photo-Elastic 

* Absorption Edge Shift 

* Fabry-Perot Interferometer 


In the digital mode of operation, the EOA shall produce an unmodulated 
(continuous wave) broadband optical pulse to interrogate a network of optical filters 
which illuminate a digital code plate within the sensors. The filter networks return a 
wavelength encoded parallel digital bit pattern to the EOA. An optical spectrum 
analyzer in the EOA decodes the returned wavelength bit patterns to determine the 
sensor reading. The channel spacing selected represents the typical channel 
separation achievable with state of the art WDM components. Channel width and 
spacing are consistent with the 100/140 micron optical fiber size in a grating type 
WDM unit. The channel spacing corresponds to fiber cladding diameter while the 
channel width is determined by core diameter. Guard bands are employed to assure 
adequate channel separation over environmental and manufacturing tolerances. The 
EOA shall be capable of resolving the returned optical spectrum into a minimum of 10 
channels. The EOA shall be compatible with the following types of digital sensors: 

• WDM Digital Optical Coda Plata 

* Moving Diffraction Grating 


In the TRD mode of operation, the EOA shall produce a temporally narrow 
broadband optical pulse to excite a phptoluminescent sensor which emits light having 
an amplitude that decays over time. An optical spectrum analyzer in the EOA decodes 
the returned wavelength by comparing the strength of the received wavelength 
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spectrum at different times. Because the lengthy spectral decay times (10-100 ms) 
normally associated with TRD sensors, these sensors cannot be multiplexed with 
digital or analog WDM sensors unless the TRD returned wavelength spectrum falls 
outside the received spectrum for the other sensors being multiplexed. Each EOA 
shall be able to support only one TRD sensor assuming that the returned wavelength 
spectrum is not in the range of returned spectrum for these sensors. The EOA shall be 
compatible with the following types of TRD sensors: 

• Phosphorescent TRD 

* Fluorescent TRD 


2.4.1 WDM Sourra Requirements - The EOA shall include a transmitter with the 
following typical characteristics as measured at the EOA output connector. The source 
characteristics are for the individual optical outputs within the EOA. 


Analoa/Dlaltal/TRD 


Transmitter Optical Power Output: 
Transmitter Minimum Power Density: 
Transmitter Residual Power: 

Transmitter Leakage Power: 

Transmitter Optical Output Ripple: 
Transmitter Residual Power (low): 
Transmitter Optical Leakage Power (off): 
Transmitter Optical Wavelength Range: 


-10 dBm 
lOpW/nm 
TBD 
TBD 

3 dB across specified band 

TBD 

TBD 

750 - 950 nm 


Because TRD sensors respond much more slowly than other WDM sensors, the 
source for the TRD sensor in a set need not be operated every time the sources for the 
WDM sensors are operated. The actual repetition rate for the TRD source shall be 
determined by the sensor supplier, but shall not be slower than 10 Hz. 

The WDM Broadband Source must meet the above specifications over the entire 
thermal environment as outlined in section 3.1. The source shall be self compensating 
and shall not rely upon interconnection to the WDM receiver to achieve power 
stabilization. It is the responsibility of the EOA manufacturer to evaluate possible 
alternative implementations for source stabilization. 
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2.4.2 WDM Receiver Requirements - The WDM EOA shall incorporate a single 
receiver channel with optical input of sufficient area to receive signals from the 
specified number of multiplexed sensors. Sensor outputs will be multiplexed in time 
by the sequencing of the sources. Timing data is based upon a multiplexing of four 
WDM Analog or Digital sensors and one TRD sensor per receiver. 



Analog 

Qiflllfil 

TRD 

Receiver Maximum Optical Power Input: 

TBD 

-TBD 

TBD 

Receiver Operating Range: 

TBD 

TBD 

TBD 

Receiver Inter-Sensor Dynamic Range: 

TBD 

TBD 

TBD 

Receiver Cross Channel Interference: 

-30 dB 

-30 dB 

-30 dBm 

Receiver Optical Wavelength Range: 

750-950 nm 

750-950 nm 

(note 1) 

Receiver Channel Spacing: 

14 nm 

14 nm 

N/A 

Receiver Channel Width: 

10 nm 

10 nm 

N/A 

Guard Band Width: 

2 nm 

2 nm 

N/A 

Receiver Minimum Optical Power Input: 

-48 dBm 

-60 dBm 

-48 dBm 

Sensor Update Rate (per sensor) 

1 KHz 

IKHz 

10 Hz 


(1) The return wavelength for the TRD sensor must be greater than 950 nm so as not to 
interfere with the other sensors being multiplexed. 

The WDM Spectrum Analyzer must meet the above specifications over the entire 
thermal environment as outlined in section 3.1. The receiver shall be self 
compensating and shall not rely upon interconnection to the WDM source to achieve 
stabilization. It is the responsibility of the EOA manufacturer to evaluate possible 
alternative implementations for the optical spectrum analyzer. 
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3.0 EOA ENVIRONMENTAL TEST SPECIFICATIONS 

The purpose of these tests is to ensure that the EOA will not fail when subjected 
to the ha^sh operating environments of the aircraft. Environmental testing of pre- 
production EOAs for use in flight control applications shall follow the test procedures 
outlined below: 

3.1 Thermal Environment 

The EOA shall demonstrate specified performance over an ambient temperature 
range of -40 C to +72 C for continuous operation. 

% 

3.2 Humidity En vironment 

The EOA, under both operational and non-operational conditions shall be 
capable of operating satisfactorily during and after exposure to relative Humidities up 
to 100% at temperatures up to +72 C including conditions wherein condensation 
occurs in and on the EOA. 

3.3 Vibration Environment 

3.3.1 Sinusoidal Vibration Performance Test lm 

3.3.1 .1 Raannanoe Survey - A resonance survey of the EOA along the first orthogonal 
axis shall be made. The frequency sweep shall be made slowly from 5 to 2000 Hz at 
0.01 inch double amplitude or +/- 2g, whichever is less. The EOA shall be powered 
during this test and be required to operate satisfactorily during and after the test. 
Resonant points shall be noted and the response recorded and the modes of each 
resonance described. 

3.3. 1.2 Vibration Cycling - The EOA shall be vibrated along the same orthogonal axis 
with the frequency varying at a logarithmic rate from 5 to 2000 Hz and back in 
approximately 10 minutes at double amplitudes or vibratory acceleration levels 
indicated in Figure 3-1 . The EOA shall operate during this test and shall give specified 
performance both during and after the test. 

3.3. 1.3 Resonance Dwell - The EOA shall be vibrated along the same orthogonal axis 
at the resonance points obtained by the the resonance survey. Vibration shall be for 5 
minutes at each resonant point. The EOA shall operate during this test and shall &ive 
specified performance both during and after the test. 

3.3.2 Random Vibr ation Performance Testing 

3.3.2.1 Resonance Survey - A sinusoidal resonance survey of the EOA along the first 
orthogonal axis shall be made. The frequency sweep shall be made slowly from 5 to 
2000 Hz at 0.01 inch double amplitude or +/- 2g, whichever is less. The EOA shall be 
powered during this test and be required to operate satisfactorily during and after the 
test. Resonant points shall be noted and the response recorded and the modes of 
each resonance described. 
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3.3.2.2 Random Vibration - The EOA shall be vibrated along the same orthogonal axis 
in accordance with the applicable random vibration profile indicated in figure 3*1. The 
duration of random vibration testing will be 10 minutes/axis. The EOA shall operate 
during this test and shall give specified performance both during and after the test. 


— Engine Bay 
— Ammo Bay 
— Avionics Bay 


SWUSOIOM. VBRAHON RANDOM VBRATION 




Figure 3-1 EOA Vibration Profiles by Location 

3.3.3 Service Shoc k Performance Testing 


The EOA shall be operating satisfactorily during this test. The EOA shall be 
subjected to 12 impacts of 15 G's peak amplitude for a duration of 11 milliseconds. 
After each shock, the EOA shall be thoroughly checked for any failure, and a 
performance check made. The shocks shall be applied in the following directions. 

(a) First orthogonal axis - 2 shocks in each direction, 
jb) Second orthogonal axis - 2 shocks in each direction. 

(c) Third orthogonal axis • 2 shocks in each direction. 


3.4 Electromagnetic E 


iNll'llllh- 


HI 


The EOA modules shall be tested for radiated emissions in accordance with MIL- 
STD-461C section RE02, and for susceptibility to conducted emissions per MIL-STD- 
461 C section CE03. The EOA shall be operational during these tests. 
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